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MBE-VIII was held at the Senri Life Centre, Osaka, Japan from August 29 to 
September 2, the Chairman was Prof. Shun-ichi Gonda of Osaka 
University. The meeting was very well attended with over 450 delegates 
coming from as far as North America (44) and Europe (75) and, of course, 
a large contingent of our Japanese friends (310). Countries like China, 
Taiwan, Korea and Hong Kong were also represented. There were 16 
invited papers and well over 100 and 160 oral presentations and posters, 
respectively. As might be expected, Japan provided the majority of 
contribution with approximately half the papers. The UK was also well 
represented with 20 papers. The conference also attracted some 17 
commercial exhibits and supported by 25 sponsors. These statistics 
were taken from the registration list and conference proceedings. 
T 
he 291 papers were delivered 
over 37 sessions. Space does 
not allow a detailed descrip- 
tion of every paper presented, but 
instead a brief summary will be given 
with emphasis upon work of bearing 
directly upon my own area of interest, 
the MBE of III-V materials. The 
meeting covered crystal growth, low 
dimensional structures, characteriza- 
tion, optical and electronic devices, 
and materials such as Ill-V, II-VI, IV- 
IV, oxides, fluorides and metals. 
The conference was opened by 
Alfred Y. Cho (AT&T) who talked 
about the history of MBE. He 
reviewed the various applications of 
MBE-grown heterostructures both in 
fundamental research and in electro- 
nic and optical devices and the recent 
advances in MBE equipment and 
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materials. 
It would be impertinent of me to 
single out any of the remaining 
invited talks as they were all of a 
very high standard, as indeed were the 
other speakers, and I would like, if 
you would bear with me, to list just 
their names and titles: 
E. Kasper (Stuttgart University) 
"Prospects of SiGe hetero devices": 
D.D. Vvedensky (Imperial College) 
"morphological evolution of growing 
surfaces: from submonolayer scal- 
ing": A. Sakai (NEC Corp. "Ge 
growth on Si: islanding phenomena 
and layer by layer growth of mediated 
by hydrogen surfactant": S. Fukatsu 
(University of Tokyo) "Luminescence 
of strained Sil_xGe×/Si quantum wells 
and microstructures"; M. Kawabe 
(Tsukuba University) "Selective 
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growth of GaAs by hydrogen-as- 
sisted MBE"; R. Farrow (IBM) 
"Magnetic superlattices: MBE 
growth and properties of artificially 
and naturally-layered structures"; 
A.C. Seabaugh (Texas Instruments) 
"Resonant unnelling and quantum 
ICs"; Y. Bando (Kyoto University) 
"Effect of adjacent insulating oxide 
layers on superconductivity of one- 
unit cell thick YBa2Cu3Oy_d"; E. 
Tournie (CNRS) "Sur factant -  
mediated MBE of strained layer III- 
V heterostructures"; S. Itoh (Sony) 
"ZnMgSSe based compound semi- 
conductor lasers"; H. Morkoc (Uni- 
versity of Illinois) "GaN based III-V 
nitrides by MBE"; R. L. Gunshor 
(Purdue University) "The develop- 
ment of low voltage room tempera- 
ture CW laser diodes"; M. Hong 
(AT&T) "New frontiers of MBE with 
in-situ processing"; W. Wegscheider 
(AT&T) "Quantum wire lasers by 
cleaved edge overgrowth"; B. Orr 
(University of Michigan) "STM and 
AFM studies of MBE growth". 
Growth 
In order to make MBE technology 
mature it is very important to control 
the defect density which dominates 
direct performance such as break- 
down voltage of MIM capacitors for 
MMICs. There are I00 defects cm -2 
on the surface of MBE-grown GaAs 
layers in general. S. Izumi et al., 
(Mitsubishi Electric Corp.) reported 
a drastic reduction of defect density in 
MBE-grown GaAs using a novel 
arsenic Knudsen effusion cell with a 
cracking furnace. Surface defect den- 
sity less than 10 cm "2 is routinely 
achieved for continuously grown 3- 
inch diameter 1.7 tam thick MESFET 
structures when the As cracking is 
carried out at about 700°C, he said. 
Although RHEED intensity oscilla- 
tions are widely used to calibrate the 
growth rates, there are few investiga- 
tions of the phase of the oscillations 
and so far the phase could not be used 
to investigate growth dynamics. W. 
Braun and K. Ploog (Paul-Drude 
Institute) discovered an additional 
phase shift of RHEED intensity 
oscillations at heterointerface which 
significantly deepens the analysis of 
surface dynamics using RHEED. K. 
Sato et al., (Imperial College) mea- 
sured RHEED intensity oscillations 
during growth of GaAs and (AlGa)As 
on the (GaAs) ( l l l )A  surface. The 
RHEED intensity oscillations during 
growth of (AlGa)As were dependent 
on both growth temperature and 
As4:Ga flux ratio. In addition, the 
oscillation period decreased as the A1 
fraction in the (AlGa)As was in- 
creased. The oscillation period also 
decreased uring the first few layers 
of growth of (AlGa)As on GaAs and 
then remained constant. This may 
indicate the intermixing of A1 and 
Ga near the heterointerface. 
Recently, quantum well wires 
(QWW) have attracted significant 
attention because of new quantum 
mechanical phenomena in solid state 
physics and their device applications. 
H. Fujikura and H. Hasegawa 
(Hokkaido University) reported the 
first successful fabrication of InGaAs/ 
InA1As ridge quantum wires with 
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lateral dimension of 300A, by selec- 
tive MBE. The selective growth 
characteristics were studied in detail 
at first on mesa-patterned substrates. 
Then actual wires structures were 
fabricated and characterised by SEM 
and PL measurements. The PL spec- 
trum of the wire showed strong 
intensity, indicating the excellent 
wire crystal quality. A blue shift of 
159 meV was observed and this value 
agreed well with the theoretical 
calculation. 
Selective area growth by restricting 
the area impinged by molecular 
beams with the use of shadow masks 
is an attractive method for fabricating 
the lateral microstructures such as 
quantum wires and boxes. N. Tomita 
et al. (Osaka University) studied the 
selective area growth of GaAs using a 
closely fitted shadow mask_parallel to 
[011] in addition to the [011] direction 
to investigate the surface diffusion of 
Ga atoms for the first time. They 
found that when the mask edge was 
parallel to [01i'], a (311)A facet was 
typically observed near the edge of the 
Ga beam, while in the case of the 
mask edge parallel to [011], a ( l l l )B  
facet was formed. 
T. Takamori and T. Kamijoh (OKI 
Electric Industry Co.) presented a 
study on electrical properties of a 
laterally aligned npn junction formed 
by a one-step MBE growth of Si- 
doped GaAs on a patterned substrate. 
Detailed I-V and EBIC measurements 
of the lateral npn junction showed 
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asymmetric characteristics which sug- 
gest the junction configuration is 
rather nnpn with a highly compen- 
sated low electron density n- regions 
than simple npn configuration. Tem- 
perature dependence of the I-V curves 
showed that the function is stable 
over 80°C. 
Fabry-P6rot (FP) resonators are the 
basis of a wide range of devices. 
Vertical cavity and microcavity struc- 
tures have been used in lasers, LEDs 
and many types of  non- l inear  
switches. These structures require 
highly stable growth conditions, with 
precise control over composition and 
individual thickness, while maintain- 
ing smooth interfaces. V. Oesterle et 
al., (Ecole Poltechnique F~d6rale de 
Lausanne) have shown that it is 
possible to grow a FP cavity using 
distributed Bragg reflectors with a 
finesse of 5500 using MBE. The 
measured FP linewidth was 0.84 
at 930 nm and the reflectivity of the 
mirrors was as high as 99.82%. A 
detailed study of the reflectivity has 
shown that growth rates are stable to 
0.25% over l0 hours and the internal 
losses are less than 1 cm -l. 
Doping 
Delta-doping of GaAs with Si by 
MBE has attracted much attention 
as a method to induce an electrically 
active impurity sheet of at most a few 
atomic layers in thickness. The spread 
of Si atoms and their electrical 
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activity depend 
on the growth 
temperature and 
doping concen- 
tration. L. Dfi- 
wer i t z  et  a l . ,  
(Paul-Drude In- 
s t i tu te )  have  
grown by MBE 
de l ta -doped 
GaAs :S i  wi~h 
doping densities 
up to 4 x 10  TM 
cm -z at a sub- 
strate tempera-  
ture of 590°C. To 
promote an or- 
dered incorpora- 
t ion and thus 
avoid clustering 
of Si atoms, they 
used vicinal GaAs 
(001) surfaces 2 ° 
misor iented to- 
wards ( l l l lGa  
and Si was sup- 
plied in pulses. 
M. Hirai et ~d., 
(ATR) investigated the diffusion of 
Si-acceptor (Si occupying As sites) in 
delta-doped GaAs grown on GaAs 
t l l l )A  planes. They measured the 
diffusion parameters in GaAs (1 I I)A 
and found that they differ from those 
in GaAs i001): the diffusion coeffi- 
cient in (111)A is smaller than that in 
~001) and the activation energy in 
t l 11)A is larger than that in (001). An 
investigation of the diffusion mechan- 
ism of Si in ( I l l )A  by PL was also 
carried out. They found that in p-type 
layers, Si-donors (Si occupying Ga 
sites) diffuse easily to As sites. Their 
results indicated that Si-acceptors are 
more stable than Si-donors. 
Carbon has been increasingly used 
as a p-type dopant in GaAs and 
related compounds because it has 
low diffusion coefficient compared 
to other p-type dopants such as Zn 
or Be. However, it is more difficult to 
achieve a high p-type doping level in 
InGaAs with C because the C incor- 
poration efficiency decreases with an 
increase in indium mole fraction, and 
the amphoteric behaviour of C pro- 
duces n-type or p-type lnGaAs de- 
pending on growth conditions. T. 
Tomioka et al.  (Fujitsu labs) re- 
ported for the first time that heavily 
C doped p-type ln×Gal_×As (0<x 
<0.49) can be grown by GSMBE 
using CH21: with TEIn, TEGa and 
MBE-8 colleagues relax q/}er very long conli, rence sessions. 
AsH> Hole concentrations a high as 
2.1 x 1020 cm -3 were achieved for 
GaAs with an activation efficiency of 
100%. For InxGal_xAs, the hole and 
atomic carbon concentrations gradu- 
ally decreased as the lnAs mole 
fraction, x, increased from 0.41 to 
0.49. Hole concentrations of 5.1 x 
10 Is cm -3 and 1.5 x 10 b7 cm -3 for x = 
0.49 and x - 0.41, respectively, were 
achieved. Their preliminary results 
indicate that CH2I~ is the most useful 
dopant source for the growth of 
heavily C-doped p-type lnGaAs by 
GSMBE. 
N.Y. Li et (tl., (University of 
California at San Diego) evaluated 
the use of CHel2 in MBE, MOMBE 
and CBE. They found that the carbon 
incorporation efficiency in GaAs 
layers grown by MOMBE and CBE 
is lower than that by MBE due to the 
site blocking effect of the TEGa 
molecules. In addition, in CBE of 
GaAs using tri-dimethylaminoarsenic 
(TDMAAs), the carbon incorpora- 
tion is further reduced, but it can be 
increased by cracking TDMAAs. 
LDSD 
Low dimensional structures like 
quantum wires (QWI) or quantum 
dots have attracted increasing interest 
both for physical studies and poten- 
tial device applica- 
tions. A variety of 
methods have been 
developed to fabri- 
cate such quantum 
size s t ructures ,  
such as the epitax- 
ial growth of wire 
a r rays  in V 
grooves, selective 
epitaxy using SiO2 
masks, maskless 
growth of wires 
on p lanar  sub- 
strates, and fa- 
cet ted  MBE 
growth on non- 
planar surfaces. T. 




ble fabr icat ion  
technique for uni- 
form wire and dot 
structures, using 
reactive ion etch- 
ing and subse- 
quent MBE regrowth. GaAs wires 
were directly grown on mesa stripes 
parallel to the [011] direction in a 
"self-adjusted" manner, compensating 
fluctuations caused by lithography 
and the etching process. Konkar et 
al. ,  (University of Southern Califor- 
nia) reported two applications of 
substrate encoded size-reducing epi- 
taxy (SESRE) in MBE growth on 
patterned nonplanar GaAs (001) 
substrates for realizing three-dimen- 
sionally confined structures, namely 
GaAs volumes confined by AIGaAs 
and InAs volumes confined by GaAs 
barriers. GaAs and InAs volumes 
with lateral dimensions < 1000 nm 
confined by AIGaAs and GaAs, 
respectively, were successfully fabri- 
cated. 
Koshiba et  a l . ,  (University of 
Tokyo) investigated the MBE growth 
mechanisms of nm-scale GaAs ridge 
structures formed on patterned sub- 
strates and studied the way to control 
the widths of ridges and those of 
quantum wires grown on them. They 
found that the width of the ridge 
structure decreases, as the growth 
temperature is reduced, reaching less 
than 20 nm when grown below 590°C. 
The width of AlAs ridge was always 
found to be far narrower than that of 
GaAs with the width being 10 nm at 
570°C. 
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Nakara et at., (Fujitsu Labs) de- 
scribed the MBE growth of InGaAs/ 
InAlAs in-plane superlattices com- 
posed of InAs/GaAs and InAs/A1As 
monolayer superlattices on misor- 
iented (110)InP substrates. They eval- 
uated the structures by TEM and PL 
techniques which confirmed that In- 
GaAs (2 nm wide)/InA1As (2 nm 
wide) superlattices composed of 
lnAs /GaAs  and the InAs/A1As 
monolayer superlattices were success- 
fully grown with some evidence of 
partial disordering. 
Quantum transport 
Almost all work on the integer and 
fract ional  quantum Hall effect, 
Wigner crystallization and quantum 
point contacts have relied upon the 
two-dimensional electron gas (2DEG) 
system where electron mobilities ex- 
ceeding 107 cm 2 V -I s -1 can be 
achieved. In spite of a number of 
attempts, the mobility of the poten- 
tially ver~¢ interesting two-dimen- 
sional hole gas (2DHG) remained 
considerably lower. Henini et al., 
(Nottingham University) reported 
the MBE growth of modulation- 
doped GaAs/(A1Ga)As heterostruc- 
tures on the (311)A GaAs surface 
using Si as the acceptor. 2DHGs with 
low temperature hole mobility exceed- 
ing 1.2 x 106 cm 2 V -I s 1 with carrier 
concentrations a low as 8 x 101° cm 2 
have been obtained. This hole mobi- 
lity is the highest ever observed at 
such low densities by any growth 
technique. Furthermore, they found 
that it is possible to obtain control- 
lable, variable, hole densities using the 
persistent photoconductivity effect 
(PPC). This PPC effect is normally 
absent in 2DHG systems. M.C. Hol- 
land et al., (Glasgow University) 
studied the growth of 2DEG struc- 
tures in which the distance between 
the surface and the electron gas is less 
than 30 nm so as the high resolution 
patterning techniques can be used 
effectively. An investigation of the 
effects of the substrate temperature 
and delta-doping concentration were 
reported, and AlAs and A10.3Ga0vAs 
barrier shallow 2DEGs were com- 
pared. The mobility of electrons in 
shallow 2DEGs were sensitive to the 
growth temperature and barrier com- 
position. AlAs barrier 2DEGs have 
mobility up to 1.15 x 10 6 cm 2 V -1 S "| at 
4 K. A mobility of 3.4 x 105 cm 2 V -1 
s -1 at 4 K has been obtained with an 
Alo.3Gao.TAs barrier which is the 
highest reported for such a structure. 
Nakayama et al., (NEC Corp.) 
have enhanced the electron mobility 
in Ino.52Alo.48As/Ino.sGao.2As hetero- 
structure by forming a smooth inter- 
face by inserting an Ino.53Gao.47As 
buffer. The room temperature lec- 
tron mobility as high as 16,200 cm 2 V- 
] s -] was obtained. With respect o the 
FET performance they determined 
that the optimum Ino.53Gao.47As buf- 
fer thickness is 1 nm. 
Devices: electronic 
Recently, there have been strong 
demands for Hall element in the field 
of electronic equipments such as 
VTR, and CD-ROM. Hall elements 
are mainly used in DC-brushless 
motors in such quipments: over 600 
million Hall elements are produced 
annually in the world. Nearly 70% of 
them being made of InSb thin films 
on mica substrates by vacuum deposi- 
tion. The remainder are GaAs ele- 
ments fabricated by ion implantation. 
T. Iwabuchi et al., (Asahi Chemical 
Industry Co.) investigated and devel- 
oped a new type of Hall element 
consisting of an InAs thin film which 
has higher electron mobility than 
GaAs and a wider energy gap than 
InSb. InAs thin films were grown on 
semi-insulating GaAs substrate by 
MBE. 
In order to mass-produce lnAs Hall 
elements, they designed a production- 
scale MBE system with high-through- 
put and good uniformity. They also 
discovered that Si-doped InAs thin 
films have both high electron mobility 
and excellent temperature stability. A 
Si-doped InAs thin film (0.5 gm) 
grown on a GaAs substrate has an 
electron mobility of about 12,000 cm 2 
V -~ s -~. At an electron density of 8 x 
10 J6 cm -3 or higher, the room tem- 
perature coefficient of the sheet 
resistance is 0.05%/°C around room 
temperature. These devices, which can 
operate at temperatures up to 150°C, 
are now commercially available as 
magnetic sensors and over two mil- 
lion Hall elements have been applied 
for brushless-motors. 
H. Ando et al., (Fujitsu Labs) 
invest igated  the feas ib i l i ty  of  
GSMBE as a production epitaxial 
growth technique. They developed 
the multi-wafer GSMBE for growth 
of HBT structures. InGaP/GaAs 
HBTs were grown by the multi-wafer 
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GSMBE using only gaseous sources 
for the first time. The uniformity of 
each layer such as InGaP and p- 
GaAs, which make the HBT struc- 
ture, were less than +/- 1.8% across 
one of the three 3-inch wafers. The 
wafer-to-wafer thickness variation 
among three 3-inch wafers on the 
same growth run was better than 
0.5%. From the investigation on the 
device performance, high current 
gains of around 200 and very little 
base leakage current were confirmed. 
These promising results demonstrate 
the high potential of multi-wafer 
GSMBE which is not yet commer- 
cially available. 
Devices: Opto 
A1GaInP red-emitting laser diodes are 
the most important devices for high 
density optical memory systems. 
While these devices have been devel- 
oped mainly using MOCVD, MBE is 
another candidate for obtaining high 
quality AIGalnP. Although MBE has 
several advantages over MOCVD 
such as high p-type doping, low 
consumption of source materials and 
safety, reliability was not sufficient. 
K. Takahashi et al., (Sharp Co.) 
described the essential points for 
sufficient reliability. They achieved 
stable CW operation over 1000 hours 
for A1GalnP laser diodes with P = 30 
mW at 50°C by using all solid source 
MBE. Reduction of wafer-related 
impurity incorporat ion into the 
grown layer was found to be essential 
for device performance. 
The success of QW laser technology 
and the intriguing physics involved 
have long since sparked interest in- 
exploring and establishing an analo- 
gous quantum wire (QWR) technol- 
ogy. Theoretical predictions have 
shown that QWR systems have 
several advantages over QW and 
bulk heterostructure systems, both 
for transport and photonic device 
applications. In the case of laser 
diode devices, these advantages in- 
clude higher gain, lower threshold 
current, higher characteristic tem- 
perature, increased irect modulation 
frequency, and narrower linewidths. 
P.J. Pearah et al,, (University of 
Illinois) reported on the fabrication 
and operation of strained AIGaInP 
separate-confinement-heterostrueture 
(SCH) visible laser diodes with multi- 
ple QWR (MQWR) active region 
based on the strain-induced lateral- 
layer ordering (SILO) process during 
GSMBE growth. The formation of 
the QWR structure was confirmed 
with cross-sectional TEM and polar- 
ized PL. MQWR lasers exhibited 
highly anisotropic emission character- 
istics. Threshold current densities 
were greatly reduced for lasers fabri- 
cated with contact stripes perpendi- 
cular to the direction of the QWR, 
and the emission polarization was 
switched from TE to TM mode in 
cavities oriented parallel to the 
MQWR axis. 
Character i za t ion  
C.R. Whitehouse et al., (Sheffield 
University) described the construc- 
tion of a new MBE growth facility 
to enable X-ray topography (XRT) to 
be performed in-situ during the 
growth of III-V strained-layer device 
structures. This new facility, used in 
conjunction with the Daresbury syn- 
chrotron source, now allows the 
generation, motion, interaction, and 
pinning of individual misfit disloca- 
tions to be observed in-situ for the 
first time. 
C. Orme et al., (University of 
Michigan) performed AFM and 
STM studies on GaAs (001) films 
grown by MBE. They saw multi- 
layered mounds evolve when the 
growth conditions favour island nu- 
cleation. As the epilayer thickness was 
increased, these features grow in all 
dimensions but the angle of inclina- 
tion remained approximately con- 
stant at 1 °. The mounding did not 
occur on surfaces grown in step flow. 
They proposed that the multilayered 
features are due to an unstable 
growth mode which relies on island 
nucleation and the presence of a step 
edge barrier. 
M. Sato et al (OKI Electric Indus- 
try Co.) proposed a new technique to 
measure the thickness of a GaAs layer 
with a precision of a few monolayers 
by high-resolution X-ray diffraction 
(HRXRD)  from InGaAs/GaAs 
strained-layer superlattices (SLSs) on 
GaAs substrates. Using this technique 
to monitor the GaAs growth rate, 
they successfully controlled the Ga 
beam flux within +/- 1% in MBE 
growth for 40 continuous runs over 
4 days. For the growth of lattice 
matched systems on InP substrates, 
precise thickness measurements were 
also demonstrated, using InAlGaAs/ 
InGaAs SLSs and InA1GaAs/InA1As 
SLSs. 
T. Saitoh et al (Hokkaido Univer- 
sity) characterized the electronic 
properties of InA1As/InGaAs MBE 
regrown interfaces by combined use 
of in-situ photoluminescence surface 
state spectroscopy (PLS) and capaci- 
tance-voltage (C-V) techniques. It was 
shown that the interface state density 
at continuously grown InA1As/In- 
GaAs interface is low and compar- 
able with that of uninterrupted 
A1GaAs/GaAs interface and that the 
effect of the growth interruption was 
surprisingly small whereas the same 
interruption resulted in almost 
100 times reduction in PL efficiency 
for A1GaAs/GaAs ystem. It was also 
found that high density of surface 
states exists at MBE InGaAs surface. 
Interruption after the growth of 
bottom InAIAs layer in InA1As/ 
InGaAs/InA1As system also lead to 
appreciable generation of interface 
states, but it is much smaller as 
compared with the case of A1GaAs/ 
GaAs/A1GaAs system. 
K. Kitabayashi and T. Waho 
investigated the initial stage of InAs 
growth on GaAs (001) substrates by 
AFM. Three-dimensional (3D) is- 
lands of a uniformly small size and 
high density were observed at the 
initial stage not only for low sub- 
strate temperature but also for low 
V:III ratio. This was explained by a 
simple model based on the difference 
in the growth rate between strained 
and relaxed InAs surfaces. The 3D 
islands were found to agglomerate 
after the growth is interrupted under 
As pressure. 
Conclus ions  
The most satisfying aspect of MBE- 
VIII to me was the sheer diversity of 
activities that had been drawn into 
epitaxial crystal growth studies. An 
enormous and increasing number of 
topics in science and technology is 
now seen to be dependent upon some 
aspect of epitaxial crystal growth, for 
either practical applications or theo- 
retical understanding. 
Apart from the serious side of the 
conference there is the social aspect of 
it. The conference dinner was very 
good and was followed by various 
speakers. Most delegates returned to 
the very hospitable bar facilities near 
the conference site where the wider 
aspects of life in the epitaxial crystal 
growth community were discussed. 
On the whole the conference was 
very well organised. The Senri Life 
Science Centre which has excellent 
facilities is situated some distance 
from the Centre of Osaka as are 
most of the hotels. One of the 
important differences, I think, be- 
tween conferences in universities and 
those held in hotels is the ability to 
house together all participants in a 
hall of residence (student accommo- 
dation). This cost-effective close so- 
cial contact cements not only 
scientific links, but ones of friendship 
as well, and this should be encour- 
aged. 
MBE- IX  
As usual, a number of equipment and 
materials uppliers were present in an 
adjacent exhibit, some 17 in all, 
mostly western, an impressive turn- 
out for the Japan location. In spite of 
a busy conference, many delegates 
were able to peruse the wares on 
display. 
In closing, on behalf of the dele- 
gates, I would like to thank Chairman 
Prof. Gonda and his committees for 
an excellent meeting which upheld the 
fine tradition of this bi-annual con- 
ference. 
The proceedings will be published 
in a special issue of the Journal of 
Crystal Growth and the next confer- 
ence in the series will be in Los 
Angeles in 1996. 
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